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Abstract: Electronic transport properties of monolayer graphene with extreme physical bending up to 90o angle 
are studied using ab Initio first-principle calculations. The importance of key structural parameters including step 
height, curvature radius and bending angle are discussed how they modify the transport properties of the deformed 
graphene sheet comparing to the corresponding flat ones. The local density of state reveals that energy state 
modification caused by the physical bending is highly localized. It is observed that the transport properties of bent 
graphene with a wide range of geometrical configurations are insensitive to the structural deformation in the 
low-energy transmission spectra, even in the extreme case of bending. The results support that graphene, with its 
superb electromechanical robustness, could serve as a viable material platform in a spectrum of applications such 
as photovoltaics, flexible electronics, OLED, and 3D electronic chips.  
 
Key words: bent graphene, electronic transport, transmission, I-V characteristics 
 
1. Introduction 
Graphene, a 2D carbon allotrope with outstanding electrical [1] and mechanical [2] properties, has been exploited 
for potential applications such as transparent electrodes, interconnects, and NEMS oscillators [3-5]. The physical 
deformation of 2D graphene sheet has been observed due to specific fabrication process or surface topography of 
the supporting substrate. While minor deformation was reported in graphene on top of rough surface of dielectric 
materials (e.g. Al2O3 [6] and SiO2 [7]), graphene sheets with extreme physical bending were reported using 
pre-fabricated structural template such as oxide trench [8]. Key material and electrical properties of graphene 
lying on corrugated or stepped surface need to be examined. Physically deformed graphene nanoribbons with a 
14Å step in height were studied recently [9]. However, little attention has been devoted to how the varying 
geometry configuration influences the electronic transport properties of step-shaped graphene. In this work, we 
investigate the key material and transport properties of dramatically deformed (step-shaped) graphene sheets with 
varying geometry configuration (i.e., step height, curvature radius, and bending angle). Previous Raman 
spectroscopy analysis suggests negligible strain of 0.025% [8],  so we focus on  step-shaped graphene in absence 
of strain. Our work can provide guidance to implementation and engineering of “3D graphene” systems in 
potential technology applications. 
 
2. Simulation 
Motivated by our previous experimental research of 3D stepped graphene [8], we explore the physically 
deformed graphene in a more systematical approach. The simulated structure is schematically shown in Fig. 1(a) 
in which structural parameters are illustrated, such as step height (H), curvature radius (CR), and bending angle (θ). 
Periodic boundary conditions are imposed in the width direction (x-axis) and semi-infinite electrodes are used in 
the transport direction (z-axis) to describe two-dimensional devices. Because graphene nanoribbons with 
armchair edge-shape has larger band-gap than that of zigzag edge-shape [10], we use the channel region along 
 armchair edge-shape to explore the maximum influences of deformation on electronic properties. We use the 
number of dimer line (Na) in the unit cell of the channel region, representing the channel length. Na divides the 
band-gap of the channel region into three families and Na = 3p +1 (p is integer) is the maximum band-gap family 
[10]. To examine the maximum influences of deformation, we choose Na = 40 in the maximum band-gap family, 
which is equivalent to 4.8 nm long flat (non-deformed) graphene. The flat graphene is bent into various structural 
shapes for the study of electronic transport dependence on deformation. These shapes can be obtained through 
pre-fabricated structural template as shown in Fig. 1(b). A bias voltage Vb is applied between the semi-infinite 
electrodes in two ends. The bending arcs of graphene is modeled as a partial carbon nanotube (CNT) ring [11]. CR 
is calculated from the chiral vector of the corresponding CNT.  
Electronic properties are obtained using SIESTA packages [12], in which numerical atomic orbitals are used 
as basis sets and Troullier-Martin type norm-conserving pseudo-potentials. The exchange-correlation function of 
the local density approximation (LDA) is represented by the Ceperley-Alder approximation [13]. Total 200 Ry 
mesh cutoff is chosen. The convergence criterion for the density matrix is taken as 1×10−3. After testing and 
comparing various converged k-meshes and basis sizes, we choose a double ζ-plus-polarization basis set with 500
×1×1 for LDOS calculations and a single ζ basis set with 100×1×1 for transport calculations. Interaction 
between adjacent graphene layers is hindered by a large spacing of 8Å. 
Transmission spectra and current-voltage (I-V) characteristics are investigated by the Nonequilibrium 
Green’s Function (NEGF) approach. It is based on the Density Function Theory (DFT) implemented in the 
TranSIESTA module (within the SIESTA package) [14]. The current through the electrodes is calculated using the 
Landauer-Buttiker formula [15] 
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where G0 = 2(e2/h) is the unit of quantum conductance and h is the Planck’s constant.  fL and fR are the Fermi–Dirac 
distribution functions and μL, μR are the chemical potentials of the left and right electrodes, respectively. T(E,Vb) is 
the transmission probability of electrons (with an energy E) flowing through the device under the bias potential Vb. 
Temperature is 0 K in our simulation.  
 
3. Results and discussion 
 When calculating electrostatic properties, we focus on the localization of energy states in the channel region 
of bent graphene, excluding the semi-infinite electrodes. Due to the finite length (4.8 nm) of the channel region, 
we build a device with periodic boundary conditions in the z-axis to simulate two-dimensional graphene, as shown 
in Fig. 2(a). The local density of states (LDOS) at sampling atoms are shown in Fig. 2(b). Difference in LDOS 
between flat and bent graphene is significant only at the atom “Ⅳ” in the bent arc. For the sampling atoms located 
further away from the arc (e.g. atom “Ⅰ”), the LDOS of flat and bent graphene is almost identical. These results 
indicate that the electronic states induced by physical deformation are highly localized, only in the bent arc. 
Comparing all of the four representative sampling atoms in Fig. 2(b), the LDOS modification due to bending 
appears at high energy region rather than around the Fermi level. 
To further investigate the transport mechanism, transmission spectra T(E, Vb) at various Vb are plotted in Fig. 
3. At Vb = 0.0 V, near-linear transmission spectra are found. Transmission of bent graphene is close to that of flat 
graphene near the Fermi level. The differences of transmission spectra between bent and flat graphene in high 
energy regions are consistent with the LDOS in Fig. 2(b). These results are attributed to the fact that deformation 
induces no significant change in the low-energy π bond network, as π bonds are not sensitive to bond angles. 
However, the σ bond network, which has energy far from the Fermi energy, is modified via changing the bond 
 angle of adjacent bonds. With increasing Vb, the transmission spectra near the Fermi level are filled with broader 
channels. For example, at Vb = 0.6 V, the transmission of bent graphene is smaller than that of flat graphene at the 
Fermi energy. This is due to the broken symmetry of π bond network in bent graphene, which makes the effective 
transporting channels less than those in flat graphene [8]. By comparing transmission around the Fermi level, we 
find dependency of transmission on structural parameters is largest for curvature radius, and smallest for bending 
angle.  
I-V characteristics of bent graphene are shown in Fig. 4, displaying no significant difference from those of 
flat graphene at low Vb. The small slope of I-V curves at low Vb is attributed to the short channel region we 
simulated. When the bias voltage is larger than 0.3 V, linearity of I-V curve is “recovered”. At high Vb, the current 
of bent graphene is smaller than that of flat graphene. This is because the transmission coefficient of bent graphene 
in low-energy region, which contributes most of the transport current, is smaller than that of flat graphene. As 
shown in Fig. 4(b), we observe curvature radius is the most determining parameter on I-V characteristics. With 
larger CR, the current of bent graphene is closer to that of flat graphene. These are due to that extreme small CR 
significantly changed the symmetry of graphene π bond network and reduce the transport channels. We also find 
the step height influences the current, as shown in Fig. 4(a). With increasing H, the current of bent graphene is 
closer to that of flat graphene. Theses are attributed to that large height represents long flat section between the 
two bent arcs, reducing the coupling between the arcs and making bent graphene close to the flat one. In Fig. 4(c), 
we observe no significant dependence of current on the bending angles,  which means that we can ignore the slope 
of the beneath step shape in fabrication. Note that transport properties are insensitive to deformation within 0.085 
V/nm electric field in the transport direction (equivalent to Vb = 0.3 V). Within this condition, graphene is suitable 
for devices with surface topography and flexible electronic applications.  
4. Summary 
In conclusion, the electronic transport properties of bent graphene sheet with various physically deformed 
configurations are compared. It is observed that the transmission spectra of the step-shaped graphene have 
negligible modification from its flat counterpart in low-energy region as a result of the insensitivity of 
transmission spectra from π-electron bond network on deformation. At high bias voltage, curvature radius are the 
most determining parameters on transport properties of bent graphene, then the step height in the middle, and the 
least important parameter is the bending angle. Transport properties of graphene are insensitive to deformation 
within certain electric field in the transport direction, making graphene suitable for devices with surface 
topography or flexible electronics applications.  
. 
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Fig. 1. (a) Schematic of step-shaped graphene with key structural parameters indicated. Blue balls represent 
carbon atoms. Periodic boundary conditions are imposed in the x-axis direction. Semi-infinite electrodes are set in 
the two ends to calculate transport properties. The current transport is along the z-axis direction. (b) Illustration of 
the step-shaped graphene laying on a stepped surface. The blue curve represents monolayer graphene. 
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Fig. 2. (a) Illustration of the sampling atoms in LDOS calculation. (b) LDOS of bent and flat graphene at some 
sampling atoms. The bent graphene device has a step height of 0.78 nm, a curvature radius of 0.40 nm, and a 
bending angle of 90°.  
 -0.5
-0.25
0
0.25
0.5
0 0.25 0.5
En
er
gy
 (e
V)
0.0V
 
 
H(0.80 nm)
H(1.05 nm)
H(1.30 nm)
0 0.25 0.5
Transmission (G0)
0.3V
0 0.25 0.5
0.6V
 
-0.5
-0.25
0
0.25
0.5
0 0.25 0.5
En
er
gy
 (e
V)
0.0V
 
 
CR (0.4 nm)
CR (2.3 nm)
CR (3.1 nm)
0 0.25 0.5
Transmission (G0)
0.3V
0 0.25 0.5
0.6V
 
-0.5
-0.25
0
0.25
0.5
0 0.25 0.5
En
er
gy
 (e
V)
0.0V
 
 
θ (30°)
θ (60°)
θ (90°)
0 0.25 0.5
Transmission (G0)
0.3V
0 0.25 0.5
0.6V
 
Fig.3 (a) Transmission spectrum of bent graphene with different step height (a), curvature radius (b), and  bending 
angle (c) with bias voltage from 0.0 V to 0.6 V, as compared with that of flat graphene (the shaped area).  CR is 3.1 
nm and angle is 30° in (a). H is 1.3 nm and angle is 30° in (b). H is 2.3 nm and CR is 1.6 nm in (c). 
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Fig.4: I-V characteristics of bent graphene with different step height (a), curvature radius (b), and bending angle 
(c). CR is 3.1 nm and angle is 30° in (a). H is 1.3 nm and angle is 30° in (b). H is 2.3 nm and CR is 1.6 nm in (c). 
The current of bent graphene is close to that of flat graphene at small bias voltage (while smaller at large bias 
voltage).  
 
